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O-Linked N-acetylglucosamine transferase (OGT) catalyzes
O-GlcNAcylation of target proteins and regulates numerous
biological processes. OGT is encoded by a single gene that yields
nucleocytosolic and mitochondrial isoforms. To date, the role of
the mitochondrial isoform of OGT (mOGT) remains largely
unknown. Using high throughput proteomics, we identified 84
candidate mitochondrial glycoproteins, of which 44 are novel.
Notably, two of the candidate glycoproteins identified (cyto-
chrome oxidase 2 (COX2) and NADH:ubiquinone oxidoreduc-
tase core subunit 4 (MT-ND4)) are encoded by mitochondrial
DNA. Using siRNA in HeLa cells, we found that reducing endog-
enous mOGT expression leads to alterations in mitochondrial
structure and function, including Drp1-dependent mitochon-
drial fragmentation, reduction in mitochondrial membrane
potential, and a significant loss of mitochondrial content in the
absence of mitochondrial ROS. These defects are associated
with a compensatory increase in oxidative phosphorylation
per mitochondrion. mOGT is also critical for cell survival;
siRNA-mediated knockdown of endogenous mOGT protected
cells against toxicity mediated by rotenone, a complex I inhibitor.
Conversely, reduced expression of both nucleocytoplasmic
(ncOGT) and mitochondrial (mOGT) OGT isoforms is associated
with increased mitochondrial respiration and elevated glycolysis,
suggesting that ncOGT is a negative regulator of cellular bioener-
getics. Last, we determined that mOGT is probably involved in the
glycosylation of a restricted set of mitochondrial targets. We iden-
tified four proteins implicated in mitochondrial biogenesis and
metabolism regulation as candidate substrates of mOGT, includ-

ing leucine-rich PPR-containing protein and mitochondrial aconi-
tate hydratase. Our findings suggest that mOGT is catalytically
active in vivo and supports mitochondrial structure, health,
and survival, whereas ncOGT predominantly regulates cellu-
lar bioenergetics.

Protein O-linked N-acetylglucosamine glycosylation (O-
GlcNAcylation)5 is emerging as an important mechanism for
the regulation of numerous physiological processes in eukary-
otic cells (1). Using UDP-GlcNAc as a donor, O-GlcNAc trans-
ferase (OGT) transfers GlcNAc to specific serine and/or threo-
nine residues of protein targets. UDP-GlcNAc is derived from
the nutrient-sensing hexosamine biosynthetic pathway, which
utilizes 2– 4% of the total glucose transported into the cell (2).
O-GlcNAcylation is a dynamic process regulated by the inter-
play between OGT and O-GlcNAcase (OGA), the enzyme that
catalyzes the removal of O-GlcNAc from protein targets.
Deregulation of O-GlcNAcylation is associated with multiple
diseases, including diabetes (3), cancer (4), cardiovascular dis-
eases (5), and Alzheimer’s disease (6). Furthermore, the inter-
play of O-GlcNAcylation with phosphorylation plays a signifi-
cant role in regulation of multiple biological processes and
diseases (7–11).

Although OGT is encoded by a single gene in mammals, mul-
tiple OGT splice variants have been detected (12). Further-
more, the identification of a mitochondrially targeted isoform
of OGT (mOGT) that is catalytically active in vitro (13) sug-
gested that O-GlcNAcylation may also occur in the mitochon-
dria. Over the past 6 years, we and other groups have identified
glycosylated isoforms of multiple proteins known to regulate
different aspects of mitochondrial function (14 –21). Most of
these proteins are nuclear DNA-encoded proteins. However,
the identification of two O-GlcNAcylated mitochondrial DNA-
encoded proteins (cytochrome oxidase 1 (MTCO1) (21) and
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NADH:ubiquinone oxidoreductase core subunit 4 (MT-ND4)
(20)) raises the possibility that the mOGT isoform regulates
O-GlcNAcylation of proteins within the mitochondria. The
recent identification of a mitochondrially localized OGA and a
UDP-GlcNAc transporter support the notion that mitochon-
dria have the machinery required for regulating functional
O-GlcNAc on/off cycling (22).

Cellular O-GlcNAcylation is tightly dependent on the flux
through the hexosamine biosynthetic pathway and therefore on
the metabolic state of the cell. Solid evidence supports a detri-
mental role of chronically elevated O-GlcNAc levels in condi-
tions of cellular damage, such as in hyperglycemia in diabetes
models (23). Furthermore, O-GlcNAcylation of mitochondrial
proteins is emerging as a potential mechanism for regulating
cell energetics, redox signaling, and cell survival pathways. For
example, O-GlcNAc cycling modulates the recruitment and
activity of the mitochondrial fission protein dynamin-related
protein 1 (Drp1) (16), and O-GlcNAcylation of the mitochon-
drial adaptor protein Milton regulates the anterograde move-
ment of mitochondria in axons of neurons (24). Moreover,
O-GlcNAcylation of respiratory chain complex proteins (com-
plex I and complex III subunits) is associated with mitochon-
drial dysfunction in cardiac myocytes under hyperglycemic
conditions (5). Last, overexpression of the nucleocytoplasmic
OGT isoform (ncOGT) decreases mitochondrial respiration
and leads to abnormal formation of mitochondrial cristae (25).
These contrasting roles underscore the critical need to close the
gap in our knowledge regarding the molecular mechanisms that
govern O-GlcNAcylation of mitochondrial proteins.

Although a myriad of studies have associated the physiolog-
ical functions of global cellular O-GlcNAcylation with ncOGT
activity, comparatively little is known regarding the role of the
mOGT isoform in regulating mitochondrial function. Overex-
pression of mOGT triggers apoptosis, a phenotype that is de-
pendent on the mitochondrial localization of mOGT and its
catalytic activity (26). This observation suggests that deregu-
lated mitochondrial O-GlcNAcylation plays a role in pro-
grammed cell death signaling. However, the role of endogenous
mOGT in cell physiology remains largely unknown.

In this study, we report 84 candidate mitochondrial glyco-
proteins in different tissues, of which 44 represent novel, puta-
tive O-GlcNAc-modified proteins. Two of these glycoproteins
are mtDNA-encoded proteins, suggesting the involvement of a
mitochondrially localized glycosyltransferase, such as mOGT.
By using siRNA-mediated approaches, we show that mOGT
plays a crucial role in maintaining mitochondrial structure and
membrane integrity as well as in modulating cell survival in
response to toxic insults. Finally, we identified four candidate
glycoproteins that may exhibit reduced glycosylation when
endogenous mOGT levels are decreased by siRNA, suggesting
that mOGT is catalytically active in vivo and that glycosylation
of these proteins may be part of the mechanism by which
mOGT regulates mitochondrial physiology and function.

Results

Large Scale Screening Identifies 84 Mitochondrial Glycopro-
tein Candidates—Our previous candidate-driven studies of
mitochondrial protein glycosylation (15) and recent studies

(20) suggest that the glycosylation of mitochondrial proteins
might not be rare and instead might only be rarely reported.
Thus, to investigate the glycosylation of mitochondrial proteins
in a more comprehensive manner, we performed a high
throughput proteomics study to identify candidate glycopro-
teins. Specifically, we used three independent but complemen-
tary approaches for glycoprotein enrichment and detection in
mitochondrial fractions from various tissues. These were (i)
lectin affinity chromatography to purify glycoproteins and
glycopeptides (in separate experiments) from mitochondria
enriched from bovine heart tissue, (ii) enzymatic labeling of
bovine heart mitochondria with UDP-azido-GalNAc via the
mutant galactosyltransferase GalT1(Y289L), and (iii) azido-
GalNAc metabolic labeling coupled with click chemistry and
streptavidin enrichment to capture glycoproteins from mito-
chondria enriched from rat neuroblastoma B103 cells.

Collectively, these studies yielded 84 glycoprotein candidates
with known mitochondrial function (supplemental Table 1).
We note that LC-MS/MS provided only protein identifications
of mitochondrial proteins that were enriched via one of the
aforementioned glycosylation-enrichment approaches. There-
fore, their status as O-GlcNAcylation targets will only be cer-
tain once the modification sites are unequivocally determined
by using alternate approaches that are better suited to maintain
the labile O-GlcNAc modification. Of these 84 candidate pro-
teins, 44 represent novel reports of candidate mitochondrial
glycoproteins, whereas the others were previously reported
(17–19, 21, 27), and notably, 35 were recently reported as
O-GlcNAcylated by Ma et al. (20) (supplemental Table 1).
Among these glycoprotein candidates, we observed two mito-
chondrially encoded proteins: cytochrome c oxidase subunit 2,
which is a novel report, and NADH-ubiquinone oxidoreductase
chain 4, which was recently identified by Ma et al. (20) as
O-GlcNAcylated. Only six of the 84 glycoprotein candidates
(7%) were identified in both heart and neuroblastoma tissues.
This observation probably reflects that the list of O-
GlcNAcylated proteins is incomplete, and the amount of over-
lap may increase as the lists become more comprehensive.

When these 84 glycoprotein candidates are divided into cat-
egories according to their function, 45.2% are proteins involved
in regulation of oxidative phosphorylation. Other well repre-
sented categories are lipid metabolism (7.1%), tricarboxylic acid
cycle (8.3%), amino acid metabolism (4.8%), mitochondrial
structure (4.8%), transporters (9.3%), and protein turnover
(2.5%). These findings support the notion that glycosylation
may play an important role in regulating mitochondrial meta-
bolic pathways and consequently cellular metabolism.

mOGT Can Be Specifically Knocked Down by siRNA—Based
on our glycoproteomics observations, we surmised that at least
some mitochondrial proteins might become glycosylated inside
the mitochondria by a mitochondrially localized glycosyltrans-
ferase, such as mOGT. To address the role of endogenous
mOGT in mitochondrial protein glycosylation and function,
we designed several siRNAs directed against the unique
sequences of the mOGT or ncOGT splice variants (Table 1,
regions underlined in black in Fig. 1A). The efficiency of siRNAs
targeting OGT was tested in HeLa cells, a cell line that has been
previously used to characterize the structure and function of
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mOGT (12, 26). Using a validated qPCR assay, we verified that
transfection with two siRNAs designed against sequences that
are unique to the mOGT isoform (mOGT siRNAs 1 and 2)
significantly reduced mOGT mRNA levels by 45– 65% when
compared with the non-targeting (NT) siRNA as control (Fig.
1B). mOGT siRNAs 1 and 2 do not significantly reduce the
mRNA levels of ncOGT (Fig. 1B), suggesting that they are
specific for mOGT. In contrast, several siRNAs directed at
sequences unique to ncOGT reduced the levels of both
ncOGT and mOGT mRNAs (shown for one ncOGT siRNA;
Fig. 1B), whereas the short isoform (75 kDa) was spared (data
not shown).

Next, we tested the ability of siRNAs to reduce the protein
levels of the OGT isoforms by Western blotting (Fig. 1, C–E and
G) and to affect OGT levels and localization by immunofluo-
rescence (Fig. 1, H and I). Using a commercial anti-OGT anti-
body, we observed enrichment of a �103 kDa immunoreactive
band in the crude mitochondrial fraction (Fig. 1C), as reported
previously for mOGT (12). mOGT siRNA 1 or 2 significantly
reduced the protein levels of the 103-kDa mOGT isoform (Fig.
1, E and G) as well as the number of OGT puncta co-localizing
with a mitochondrial marker (Figs. 1 (F and I) and 2I). mOGT
siRNAs did not significantly reduce ncOGT protein levels (Fig.
1D) or nucleus-localized OGT (Fig. 1H). Stringent statistical
analysis of the compiled qPCR, Western blotting, and immuno-
fluorescence data indicate that mOGT siRNAs 1 and 2 consis-
tently and significantly decrease the levels of the 103-kDa iso-
form and mitochondrially localized OGT but do not decrease
the levels of the 117-kDa isoform or nucleus-localized OGT
(one-way ANOVA, Bonferroni-corrected Tukey’s test, 95%
confidence interval, � � 0.05, 12 experiments included).

In contrast, ncOGT siRNAs significantly reduced the protein
levels of both the ncOGT and mOGT bands (shown for one
representative ncOGT siRNA in Fig. 1 (D, E, and G)). In addi-
tion, ncOGT siRNAs significantly reduced both nucleus-local-
ized OGT levels and colocalization of OGT puncta with mito-
chondrial markers (Fig. 1, H and I). Statistical comparisons
between mOGT siRNA 1 or 2 and pan-OGT siRNA show no
significant differences for their effect on mOGT levels but sig-
nificant differences for their effect on ncOGT levels.

Together, these observations show that mOGT siRNAs 1 and
2 are specific for mOGT, whereas ncOGT siRNAs behave as
pan-OGT siRNAs. Therefore, we used these pan-OGT siRNAs
to assess the functional consequences of reducing the expres-
sion of both mitochondrial and nucleocytoplasmic OGT iso-
forms in subsequent experiments. It remains unclear why the
ncOGT siRNAs affect the expression of both splice variants of
OGT. However, it is worth noting that the temporal splicing
events that give rise to mOGT and ncOGT mRNAs have not

been elucidated. One plausible explanation is that ncOGT
mRNA can be generated as an independent mRNA derived
from more than one precursor RNA, whereas mOGT mRNA
may be derived via downstream alternative splicing of a single
parental transcript that contains exon 5 (which contains the
sequence uniquely found in the mOGT transcript) and other
shared elements of ncOGT, giving rise to the two splice
variants.

mOGT Regulates Mitochondrial Content and Morphology—
Mitochondria are dynamic organelles that elongate, fragment
(fission), or form highly interconnected networks. Given that
ncOGT regulates mitochondrial morphology and content by
glycosylating the mitochondrial fission modulator dynamin-re-
lated protein 1 (Drp1) (16), we investigated whether endoge-
nous mOGT plays a role in mitochondrial dynamics and
morphology. We analyzed mitochondrial morphology and
mitochondrial content in cells transfected with the validat-
ed mOGT siRNAs 1 and 2 (Fig. 1) by using well characterized
parameters of mitochondrial morphology (28, 29) as described
under “Experimental Procedures.” In control cells transfected
with NT siRNA, mitochondria predominantly showed a tubu-
lar and elongated morphology, some of which colocalized with
OGT (Fig. 2A). siRNA-mediated knockdown of both OGT
isoforms (pan-OGT siRNA) efficiently reduced OGT stain-
ing throughout the cell (Fig. 2B). In contrast, mOGT
siRNA-transfected cells showed a specific reduction of
OGT immunofluorescence co-localizing with a mitochondrial
marker (Fig. 2, C, D, and I). These data further validate the
specificity of the mOGT siRNAs by immunofluorescence.
mOGT siRNAs 1 and 2 also promoted significant mitochon-
drial fragmentation (Fig. 2, G, H, and K). Because mitochondrial
fragmentation is an obligatory step in mitochondrial autophagy
(turnover) and alters mitochondrial content (30), we investi-
gated whether mitochondrial fragmentation induced by
mOGT siRNA affects mitochondrial content. We found that
siRNA-mediated reduction of endogenous mOGT leads to sig-
nificant mitochondrial content loss (Fig. 2J). Surprisingly, the
reduction of both isoforms by pan-OGT siRNA does not affect
mitochondrial content and interconnectivity (Fig. 2, F, J, and
K), although there is a robust decrease in OGT staining (Fig.
2B). This finding suggests a specific role for the mOGT isoform
in maintaining normal mitochondrial morphology. Reducing
the levels of endogenous mOGT with a third mOGT siRNA
(siRNA 3) also causes mitochondrial fragmentation and a
decrease in mitochondrial content (supplemental Fig. 1). Over-
all, the congruence in phenotypes among cells transfected with
three different siRNAs designed to target the mOGT unique
sequences further supports the specificity of these siRNAs for
mOGT.

In some pathological conditions, mitochondrial ROS con-
tributes to mitochondrial fragmentation, reduced mitochon-
drial health, and a loss of mitochondrial levels (31). To deter-
mine whether increased mitochondrial fragmentation is
associated with increased mitochondrial ROS, we stained HeLa
cells transfected with NT or mOGT siRNAs with the red
fluorescent, cell-permeable superoxide indicator MitoSOX.
Whereas rotenone treatment robustly increased the levels of
mitochondrial superoxide, transfection with mOGT siRNAs

TABLE 1
Sequences of siRNAs used in this study

siRNA Sequence

Non-targeting siRNA (sense) 5�-CAACCUGCAAUGGAUAGGUGAGUCA
mOGT siRNA 1 (sense) 5�-CCCUUUCCCUUUACCUCCUUUCCCU
mOGT siRNA 2 (sense) 5�-CCCUUUACCUCCUUUCCCUCCCATC
mOGT siRNA 3 (sense) 5�-CAAGCGAGCCUAUGCUGCAGGGUCA
ncOGT siRNA 2 (sense) 5�-CAGCACAGAACCAACGAAACGUAUG
ncOGT siRNA 3 (sense) 5�-CUACUACCUCCAAAUACGUUCUUGC
ncOGT siRNA 4 (sense) 5�-GAGACAAGAGCCAGACAAUACUGGT
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did not lead to a significant increase in mitochondrial ROS lev-
els (supplemental Fig. 2). This observation suggests that mito-
chondrial ROS does not contribute to mitochondrial fragmen-
tation or mitochondrial loss in mOGT siRNA-transfected HeLa
cells.

Effects of Reduction of Endogenous mOGT on Mitochondrial
Respiration and Glycolysis—HeLa cells are routinely grown in
high glucose medium and are adapted to rely on a high rate of
glycolysis to survive, which consequently suppresses their max-
imal respiratory capacity (32) through the Crabtree/Warburg
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effect (33). Hence, we investigated the effects of reducing the
levels of endogenous mOGT by siRNA on the bioenergetic sta-
tus of HeLa cells, in conditions favorable for either glycolysis or
mitochondrial oxidative phosphorylation (32). Mitochondrial
respiration was measured in live cells transfected with mOGT
or pan-OGT siRNAs by employing an XF24e Metabolic Ana-
lyzer (Seahorse Biosciences, North Billerica, MA). The com-
plete oxygen consumption rate (OCR) profile of NT, mOGT1,
mOGT2, and pan-OGT siRNA-transfected cells is depicted in
Fig. 3A for a representative experiment. In brief, HeLa cells
transfected with pan-OGT siRNA in high glucose conditions
(25 mM glucose) showed enhanced mitochondrial respira-
tion as evidenced by a significant increase in basal OCR (Fig.
3B), maximal OCR (Fig. 3C), and spare respiratory capacity
(Fig. 3D). Under these same conditions, mitochondrial res-
piration was not significantly affected in cells transfected
with mOGT siRNAs when OCRs were normalized to the
number of cells analyzed (protein concentration of cell ly-
sates (Fig. 3, B–D).

However, our image-based analysis indicated that cells with
reduced mOGT grown in high glucose contained significantly
less mitochondria than control cells (Fig. 2J). Because OCR val-
ues essentially reflect readouts of mitochondrial function, we
considered it pertinent to take into account the reduction of
mitochondrial content when analyzing OCR values. When
OCRs were normalized to mitochondrial content (OCRs
divided by the mitochondrial content index determined in Fig.
2J), cells transfected with mOGT siRNAs displayed a significant
increase in maximum OCRs but not significant changes in
spare respiratory capacity (reserve capacity) compared with NT
siRNA-transfected cells (Fig. 3, F and 3G). These observations
suggest that a reduction of endogenous mOGT is associated
with an increase in mitochondrial respiration per mitochon-
drion as a possible compensatory mechanism to overcome a
deficiency in mitochondrial content.

To assess the role of endogenous mOGT in conditions favor-
able for mitochondrial oxidative phosphorylation, OCRs were
then measured in cells transfected with mOGT siRNAs and
cultured in medium lacking glucose but supplemented with
galactose (Fig. 4A). These cells exhibited a modest, non-signif-
icant reduction in baseline OCR, maximal OCR, and spare res-
piratory capacity (reserve capacity) when normalized to total

cellular protein levels in mOGT siRNA-transfected cells com-
pared with NT siRNA-transfected cells (Fig. 4, B–D).

A significant decrease in mitochondrial content was also
observed when cells grown in the absence of glucose (galactose-
containing medium), were treated with mOGT siRNA 1,
mOGT siRNA 2, and pan-OGT siRNA as compared with cells
treated with NT siRNA. The mean and S.D. of percentages of
cytosol occupied by mitochondria in galactose-fed cells (calcu-
lated after staining with Mitotracker Green FM) were 33.9 �
2.1% for NT siRNA, 17.9 � 2.0% for mOGT siRNA 1, 19.2 �
2.7% for mOGT siRNA 2, and 27.0 � 2.1% for pan-OGT siRNA
(both mOGT siRNAs p � 0.0001 versus NT siRNA; pan-OGT
siRNA p � 0.024 versus NT siRNA). When OCRs were normal-
ized to mitochondrial content, we did observe non-significant
increases in baseline OCRs and in the spare respiratory capacity
(reserve capacity) of cells transfected with mOGT siRNAs (Fig.
4, E–G). Similar to what was observed in high glucose condi-
tions, pan-OGT siRNA-transfected cells showed an increase in
maximum OCRs (Fig. 4, C and F) and spare respiratory capacity
(Fig. 4, D and G) when normalized to either total cellular pro-
tein or mitochondrial levels in the absence of glucose. It is
worth noting that NT siRNA-transfected cells exhibited the
expected increase in basal OCRs when grown in the absence of
glucose compared with glycolytic conditions, consistent with
the Crabtree/Warburg effects (34) (9 pmol/min/�g of protein
in glucose medium (Fig. 3B) versus 20 pmol/min/�g of protein
in galactose medium (Fig. 4B). However, cells transfected with
pan-OGT siRNA exhibited similar basal OCRs in both glucose-
free medium supplemented with galactose and high glucose
conditions (Figs. 4B and 5B, 15 pmol/min/�g of protein in both
glucose and galactose media). These data suggest that mito-
chondria from pan-OGT siRNA-transfected cells are respiring
at their maximal capacity regardless of glucose concentration
present in the medium.

To determine the effect of reduced mOGT levels on glycoly-
sis, siRNA-transfected cells were analyzed with the glycolysis
stress test. In cells habituated to high glucose conditions and
transfected with mOGT or pan-OGT siRNAs versus NT
siRNA, no significant differences were detected in non-glyco-
lytic acidification (Fig. 5A) or in baseline glycolysis (Fig. 5B).
Maximal glycolysis can be experimentally induced by the addi-
tion of the ATP synthase inhibitor oligomycin through a phenom-

FIGURE 1. Validation of OGT-isoform specific siRNAs knockdown in HeLa cells. A, schematic of human ncOGT and mOGT protein sequences. Black bars,
unique sequences in each isoform of OGT targeted by siRNAs. MTS, mitochondrial targeting sequence; TPR, tetricopeptide domain; CDI, catalytic domain I; CDII,
catalytic domain II. B, RT-qPCR quantification of mOGT and ncOGT mRNA levels in cells transfected with the indicated siRNAs. Scatter plots show individual data
points (percentage of expression relative to tubulin, normalized to that of NT siRNA) � S.E. (error bars) compiled from at least three experiments (***, p � 0.0001
versus NT siRNA; NS, not significant versus NT siRNA; #, p � 0.05 versus mOGT siRNAs (1 and 2); n � 3 experiments, one-way ANOVA, Bonferroni-corrected
Tukey’s test). C, Western blotting analyses of mitochondrial and cytosolic fractions derived from HeLa cells immunoblotted with an anti-OGT antibody, showing
enrichment of a 103-kDa OGT isoform (mOGT) in the mitochondrial fraction and a 117-kDa OGT immunoreactive band in cytosolic fractions. Cytoplasm lanes
were loaded with 15 and 20 �g of protein (shown in the left and right lanes, respectively) from the same sample. D and E, Western blotting analyses of ncOGT
levels (D) or mOGT levels (E) in cells transfected with the indicated siRNAs for 3 days. Details on quantification and normalization of OGT expression levels are
described under “Densitometric Analyses.” Scatter plots show individual data points � S.E. compiled from at least three experiments (**, p � 0.05 versus NT
siRNA; NS, not significant versus NT siRNA; ***, p � 0.001 versus NT siRNA; #, p � 0.05 versus mOGT siRNAs (siRNAs 1 and 2); data points � S.E., n � 7–9 Western
blots, one-way ANOVA, Bonferroni-corrected Tukey’s test). F, 3D reconstruction image showing partial co-localization of OGT (green) with mitochondria (red).
Scale bar, 10 �m. G, representative Western blots of cells transfected with the indicated siRNAs and immunoblotted for OGT (top) and loading control (�-tubulin
or �-actin). Western blotting images were cropped to remove irrelevant lanes for visual clarity. H, immunofluorescence analyses of mean OGT immunofluo-
rescence in nucleus in paraformaldehyde-fixed HeLa cells transfected with the indicated siRNAs for 3 days. Scatter plots show mean OGT fluorescence per cell
with S.E. *, p � 0.05 versus NT siRNA; #, p � 0.05 versus mOGT siRNAs (siRNAs 1 and 2), n � 8 –27 cells/condition from two experiments, one-way ANOVA,
Bonferroni-corrected Tukey’s test). I, immunofluorescence analyses of the percentage of endogenous OGT puncta that colocalize with mitochondria in
paraformaldehyde-fixed HeLa cells transfected with the indicated siRNAs and immunostained with anti-OGT antibody and mito-p60 antibody. Scatter plots
show mean percentage of OGT that colocalizes with mitochondria per cell with S.E. indicated (*, p � 0.05 versus NT siRNA, n � 15–30 cells/condition, one-way
ANOVA, Bonferroni-corrected Tukey’s test).
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enon that is akin to the Crabtree effect (34). Interestingly, although
pan-OGT siRNA-transfected cells showed a robust increase in
maximal glycolytic capacity and glycolytic reserve compared with

NT siRNA-transfected cells, cells transfected with mOGT siRNAs
showed only a modest, non-significant increase (Fig. 5, C and D).
These observations are consistent with a role for the global pool of
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FIGURE 2. mOGT regulates mitochondrial morphology. A–D, epifluorescence micrographs of paraformaldehyde-fixed cells immunolabeled for OGT (green),
TOM20 (red), counterstained with DAPI (blue), showing co-localization of OGT with mitochondria in control (NT) (A), pan-OGT (B), mOGT1 (C), and mOGT2 (D)
siRNA-transfected cells. Scale bar, 10 �m. Each channel is shown separately for visual clarity. E–H, representative epifluorescence micrographs of paraformal-
dehyde-fixed cells transfected with NT siRNA (E), pan-OGT siRNA (F), mOGT1 (G), and mOGT2 (H) siRNA and immunostained for the outer mitochondrial
membrane-localized protein TOM20 to visualize mitochondria. Shown are compiled quantification of the number of mitochondrially colocalized OGT puncta
per cell (I), mitochondrial content, as determined by the percentage of cytosol occupied by mitochondria stained with MitoTracker Green (J), and mitochondrial
interconnectivity in cells transfected with the indicated siRNAs (K). The scatter plot shown in I was compiled from two independent experiments with S.E. (error
bars) shown (n � 9 –20 cells). For bar graphs shown in J and K, data were compiled from three experiments and expressed as means � S.E. (n � 100 –150
cells/condition), one-way ANOVA, Bonferroni correction for multiple comparisons. *, p � 0.05; **, p � 0.01; ***, p � 0.001 versus NT siRNA.

FIGURE 3. Mitochondrial respiration is altered in mOGT siRNA transfected cells grown in glucose. A, representative oxygraph showing OCRs over time in
cells transfected with the indicated siRNAs. Shown are compiled analyses of basal OCR (B), maximum OCR (C), and spare respiratory capacity (reserve capacity)
(D) normalized to either the number of cells (B–D) or to mitochondrial content index (percentage of cytosol occupied by mitochondria as per Fig. 2J). E–G,
scatter plots from one representative experiment are shown (from three independent experiments) and expressed as means � S.E. (error bars), one-way
ANOVA, n � 12 wells/condition, Bonferroni correction for multiple comparisons. *, p � 0.05; **, p � 0.01; ***, p � 0.001 versus NT siRNA.
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OGT in the regulation of glycolysis in HeLa cells, and a mito-
chondria-specific role in the regulation of oxidative phos-
phorylation in HeLa cells for endogenous mOGT.

siRNA-mediated Reduction of Endogenous mOGT Decreases
Mitochondrial Membrane Potential—Fragmented mitochon-
dria typically exhibit reduced mitochondrial membrane poten-
tial (28), which is a sign of mitochondrial damage, and are more

susceptible to lysosome-mediated degradation (30). Because
siRNA-mediated reduction of endogenous mOGT levels
remodels mitochondria and increases mitochondrial respira-
tion per mitochondrion (Figs. 2 and 3), we investigated the
effects of reducing endogenous levels of mOGT on the mito-
chondrial transmembrane potential, which is an index of mito-
chondrial health (28, 35). The transmembrane potential was

FIGURE 4. Mitochondrial respiration is impaired in mOGT siRNA-transfected cells grown in galactose. A, representative oxygraph showing OCRs over
time in cells transfected with the indicated siRNAs. Shown are compiled analyses of basal OCR (B), maximum OCR (C), and spare respiratory capacity (D) in cells
grown in glucose-free medium containing galactose normalized to either the number of cells (B–D) or to mitochondrial content index (percentage of cytosol
occupied by mitochondria based on MitoTracker Green staining of cells as per Fig. 2J). E–G, scatter plots from one representative experiment are shown (from
three independent experiments) and expressed as means � S.E. (error bars), n � 12 wells/condition, one-way ANOVA, Bonferroni correction for multiple
comparisons. *, p � 0.05; **, p � 0.01; ***, p � 0.001 versus NT siRNA.
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assessed by staining cells with TMRM, a red fluorescent poten-
tiometric dye that accumulates in respiring mitochondria. Cells
transfected with mOGT siRNAs 1 and 2 showed significantly
reduced mean TMRM fluorescence in mitochondria compared
with control (NT siRNA-transfected) cells (Fig. 6). As an addi-
tional control for potential off-target effects of the siRNA con-
structs, the mitochondrial transmembrane potential was also
evaluated for cells transfected with a third mOGT siRNA. As
with mOGT siRNAs 1 and 2, reducing the levels of endogenous
mOGT with mOGT siRNA 3 also caused a decrease in mito-
chondrial transmembrane potential (supplemental Fig. 1). In
contrast, cells transfected with pan-OGT siRNA showed sig-
nificantly increased TMRM staining compared with NT
siRNA-transfected cells, suggesting that global knockdown of
OGT increased mitochondrial health and mitochondrial cou-
pling (Fig. 6D).

Reduction of mOGT Decreases Mitochondrial Content and
Elicits Fragmentation through Drp1-dependent Fission—Drp1
is a GTPase that translocates from the cytosol to mitochondria
to facilitate fragmentation of mitochondria (fission) (36). To
test whether the mitochondrial fragmentation observed in
mOGT siRNA-transfected cells is facilitated by endogenous
Drp1, we employed a Drp1 mutant with a K38A substitution
(Drp1-DN). Drp1-DN is impaired for GTPase activity, and it
inhibits the fission activity of endogenous Drp1 in a dominant
negative fashion (31). HeLa cells were transfected with NT or
mOGT2 siRNAs for 1 day, followed by retransfection with GFP

as a control or with GFP-tagged Drp1-DN (Drp1-DN-GFP) to
elicit mitochondrial fusion by inhibiting endogenous Drp1. As
expected, transfection with Drp1-DN-GFP increased mito-
chondrial interconnectivity in NT siRNA HeLa cells (Fig. 7E).
Furthermore, transient expression of GFP-Drp1-DN reversed
mitochondrial fragmentation in mOGT2 siRNA-transfected
cells. This data suggests that classic Drp1-dependent fission is
required for the mitochondrial fragmentation observed in cells
with reduced endogenous mOGT (Fig. 7, A–C and E). In addi-
tion, co-transfecting cells with Drp1-DN-GFP significantly
reversed the loss of mitochondrial content and transmembrane
potential seen in cells transfected with mOGT2 siRNA alone
(Fig. 7, C, D, and F). These data indicate that the Drp1-mediated
mitochondrial fission machinery mediates the mitochondrial
fragmentation, loss of mitochondrial content, and reduced
transmembrane potential induced by reduction of endogenous
mOGT, which are mitochondrial phenotypes of mOGT siRNA
transfection that are not associated with increased mitochon-
drial ROS (supplemental Fig. 2).

mOGT Is Essential for Cell Survival in Response to Toxic
Insults—Because our data show that decreasing endogenous
levels of mOGT lead to changes in mitochondrial structure,
content, and function (Figs. 2 and 6), we next investigated the
effects of siRNA-mediated reduction of endogenous mOGT on
cell survival. In brief, cells transfected with OGT siRNAs for 3
days were exposed to increasing concentrations of rotenone, a
well characterized mitochondria-specific toxin that promotes

FIGURE 5. Glycolysis is affected in cells transfected with pan-OGT siRNA. Shown are compiled analyses of non-glycolytic ECARs (A), basal glycolysis (ECARs
measured following the addition of glucose) (B), glycolytic capacity (maximal ECARs after oligomycin treatment) (C), and glycolytic reserve in cells transfected
with NT, pan-OGT, and mOGT siRNAs (D). Scatter plots from one representative experiment are shown (from three independent experiments) and expressed
as means � S.E. (error bars), one-way ANOVA, Bonferroni correction for multiple comparisons. *, p � 0.05; **, p � 0.01; ***, p � 0.001 versus NT siRNA).
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necrosis by inhibiting complex I and robustly eliciting mito-
chondrial ROS (supplemental Fig. 2). Cell survival was mea-
sured with the lactate dehydrogenase (LDH) release assay,
which is an active measure of cell death. Whereas cell viability
was not significantly affected by transfection with mOGT
siRNAs in the absence of rotenone (Fig. 8A), cells transfected
with mOGT siRNAs were significantly more resistant to rote-
none treatment than NT siRNA-transfected cells (Fig. 8B). In
addition, it is worth noting that image analyses of DAPI-stained
cells suggest that mOGT siRNA-expressing cells do not
show significant differences in cell numbers relative to NT
siRNA-transfected cells (percentage change in number of
DAPI-stained nuclei/field relative to NT siRNA as follows:
119.4 � 15.3% for mOGT siRNA 1, 97.0 � 9.8% for mOGT
siRNA 2, and 94.6 � 17.4% for pan-OGT siRNA). This result
suggests that mOGT does not modulate cell number or prolif-
eration. Although the loss of endogenous mOGT by itself does
not increase oxidative stress (supplemental Fig. 2), our cell sur-
vival data suggest that mOGT regulates cell survival in response
to oxidative stress.

mOGT Glycosylates a Restricted Set of Mitochondrial Pro-
teins—Because our overall data indicated that reducing the
endogenous levels of mOGT significantly affects mitochondrial
structure and some aspects of mitochondrial function, we then
investigated whether alterations in mitochondrial structure
and function caused by a reduction of endogenous levels
of mOGT are associated with altered mOGT-mediated
O-GlcNAcylation of mitochondrial proteins. By employing a
well characterized anti-O-GlcNAc antibody (RL2), we assessed

the O-GlcNAcylation levels of proteins in mitochondria-en-
riched fractions and total lysates derived from cells transfected
with NT, pan-OGT, or mOGT siRNAs. Cells transfected with
three different mOGT siRNAs (siRNAs 1, 2, and 3) did not
exhibit a significant decrease in O-GlcNAcylation of proteins in
mitochondrial fractions or in whole cell lysates (Fig. 9 (A–C)
and supplemental Fig. 1A). In contrast, siRNA-mediated reduc-
tion of both ncOGT and mOGT by pan-OGT siRNA caused a
robust decrease in the total levels of O-GlcNAcylated proteins
in mitochondrial fractions and in whole lysates (Fig. 9, A–C).
This result suggests that the ncOGT isoform contributes to the
majority of mitochondrial protein O-GlcNAcylation, presum-
ably by glycosylation of nucleus-encoded mitochondrial pro-
teins before their import into the mitochondria (Fig. 9A). How-
ever, these data do not rule out the possibility that mOGT is
catalytically active in live cells, where it may glycosylate a small
number of proteins that are not detectable by SDS-PAGE.

To address this hypothesis, we analyzed glycosylation differ-
ences in mitochondria-enriched fractions by Click-DIGE, a
method that is more sensitive than SDS-PAGE for detecting
subtle protein glycosylation differences in complex biological
samples (37) (see “Experimental Procedures”). In agreement
with the RL2 Western blots, we observed that reducing endog-
enous mOGT expression by siRNA does not visibly alter the
glycosylation of the majority of proteins in enriched mito-
chondrial fractions. To identify minor alterations in fluores-
cence between control (NT siRNA-transfected) and mOGT
siRNA-transfected cells, we applied a stringent computer-au-
tomated image analysis for three independent Click-DIGE

FIGURE 6. siRNA-mediated reduction of mOGT alters mitochondrial transmembrane potential. Shown are representative epifluorescence micrographs of
HeLa cells transfected with non-targeting siRNA (A), pan-OGT siRNA (B), or mOGT1 siRNA (C) and stained with TMRM to visualize mitochondrial membrane
potential by confocal microscopy. D, compiled quantification of the mean fluorescence intensity of TMRM in HeLa cells transfected with the indicated siRNAs.
Data were compiled from three independent experiments and expressed as means � S.E. (error bars), n � 120 –150 cells/condition, one-way ANOVA, Bonfer-
roni correction for multiple comparisons. ****, p � 0.0001 versus NT siRNA.
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experiments, each of them consisting of reciprocally labeled
samples (a total of six 2D gels). We observed that transfection of
HeLa cells with mOGT siRNA resulted in the consistent reduc-
tion (�2-fold decrease) of the fluorescent signals of four pro-
tein spots as compared with NT siRNA transfected cells (Fig. 9,
D and E). These spots were excised, and proteins were identi-
fied by LC-MS/MS as described in the supplemental Methods,
leading to the identification of four candidate glycoproteins.
The identified proteins were as follows: spot 1, glycerol 3-phos-
phate dehydrogenase, methylcrotonyl-CoA carboxylase sub-
unit �, mitochondrial aconitate hydratase; spot 2, leucine-rich
PPR motif-containing protein (Table 2). Western blots show
that the protein levels of aconitate hydratase and leucine-rich
PPR motif-containing protein do not decrease in cells trans-
fected with mOGT siRNAs (Fig. 9F). Hence, these data rule out
the possibility that differences in the fluorescence intensity of
spots could be attributed to differences in protein expression
levels. It is worth noting that aconitate hydratase was also iden-
tified as a wheat germ agglutinin (WGA)-binding glycoprotein
in our high throughput proteomics screen (supplemental Table
1). Moreover, aconitate hydratase was recently identified as
O-GlcNAcylated at multiple sites (Ser-35, Ser-420, Ser-471,
and Ser-562) in rat cardiac mitochondria (20). Similarly, LRP-
PRC was also identified as a glycoprotein candidate by glyco-
protein metabolic labeling and subsequent enrichment. HeLa

cells were metabolically labeled with tetraacetylated N-azido-
acetylgalactosamine (azido-GalNAc) followed by a click chem-
istry reaction with biotin-alkyne. Anti-LRPPRC Western blot-
ting showed enrichment of LRPPRC in the mitochondrial
protein fraction captured by avidin from cells incubated with
azido-GalNAc but no enrichment of LRPPRC in avidin-cap-
tured mitochondrial proteins from cells incubated with the
control sugar (GalNAc) and otherwise subjected to the same
protocol (Fig. 9G). We note that detection of glycosylated LRP-
PRC in the avidin-captured fraction required metabolic label-
ing of an excessive amount of biological material (�30 10-cm
dishes of cells in a single experiment), supporting our previous
finding that glycosylated isoforms of some mitochondrial pro-
teins may constitute a minute fraction of the total protein (15).
Additional mitochondrial proteins were identified from spots 3
and 4 from the Click-DIGE experiments, but these were
excluded from further analysis because they did not meet
molecular weight and isoelectric point criteria (see “Experi-
mental Procedures”). In aggregate, our results support a model
in which mOGT probably targets a restricted set of mitochon-
drial proteins. The identification of four candidate protein tar-
gets of mOGT warrants further studies to identify the candi-
dates’ putative O-GlcNAcylation sites and assess whether they
are genuine targets of mOGT.

FIGURE 7. Mitochondrial pathology in cells with reduced levels of endogenous mOGT depends on intact Drp1 activity. A–C, representative epifluores-
cence micrographs of HeLa cells transiently co-expressing the indicated siRNAs/plasmids and stained with TMRM to visualize mitochondria. Whereas cells
transfected with mOGT siRNA (B) exhibit reduced TMRM staining, fission, and mitochondrial content, transient co-expression of Drp1-DN reverses mitochon-
drial fragmentation, content, and decreased staining with TMRM in mOGT siRNA-transfected cells (C). D–F, compiled quantifications of mean mitochondrial
transmembrane potential (mean pixel intensity of TMRM fluorescence) (D), mean mitochondrial interconnectivity (average area/perimeter ratio) (E), and
mitochondrial content (percentage of cytosol occupied by mitochondria) (F) in cells transfected with the indicated conditions; means � S.E. (error bars),
one-way ANOVA, Bonferroni correction for multiple comparisons, n � 69 –273 cells/condition pooled from at least two experiments; **, p � 0.05; ***, p � 0.001;
****, p � 0.0001.
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Discussion

OGT Isoforms Regulate Mitochondrial Structure and
Functions—Recent studies have shown that mitochondrial
morphology and bioenergetic function are affected by altera-
tions in O-GlcNAc cycling. However, these studies were per-
formed via ncOGT and ncOGA overexpression (21, 25) or by
using OGT and OGA inhibitors that are likely to affect all iso-
forms of OGT (20, 22). A role of mOGT in regulating mito-
chondrial metabolism and function has been proposed (38), but
the function of mOGT was investigated in the context of over-
expression (26).

Accordingly, the role of endogenous mOGT in vivo remains
largely unknown, due in part to the lack of isoform-specific
knock-out models. Thus, we designed and validated siRNAs
that specifically and reliably reduce mOGT expression. Our
study is the first to report physiological functions of endoge-
nous mOGT on mitochondrial function and structure. In par-
ticular, our data show that siRNA-mediated reduction of
endogenous mOGT elicits (i) Drp1-mediated mitochondrial
fission, (ii) significant mitochondrial content loss and fragmen-
tation, (iii) a significant decline in transmembrane potential,
and (iv) a compensatory increase in mitochondrial respiration,
possibly in response to reduced mitochondrial levels. Notably,
we consistently detected mitochondrial phenotypes (mito-

chondrial fragmentation, loss of mitochondrial content, and
reduced transmembrane potential) in the absence of patholog-
ical levels of mitochondrial ROS when the endogenous mOGT
expression was only partially reduced by siRNA (�45– 60%
knockdown in all experiments shown). Coupled with prior data
indicating that overexpression of mOGT induces apoptosis
(26), these observations suggest that the level of endogenous
mOGT is critical for the maintenance of mitochondrial struc-
ture and function, and they suggest a role for the mOGT iso-
form in regulating mitochondrial content and organelle health.

OGT Isoforms Regulate Mitochondrial Structure and
Function—Although the loss of mitochondrial content requires
Drp1-mediated fission, the molecular mechanisms leading to a
decline in mitochondrial content in mOGT-deficient cells
remain to be elucidated. Interestingly, we observed that the
reduction of both nucleocytoplasmic and mitochondrial iso-
forms of OGT (pan-OGT) elevates basal and maximal mito-
chondrial respiration, consistent with a previous study that
showed that overexpression of ncOGT suppresses basal and
maximal mitochondrial respiration in conditions of O-GlcNAc
cycling disruption (25).

In contrast, the reduction of mOGT alone does not affect
basal or maximal OCR or spare respiratory capacity per cell but
significantly increases these parameters when normalized per
mitochondrial content. These findings suggest that a reduction
of endogenous mOGT up-regulates mitochondrial respiration,
possibly in response to decreased mitochondrial levels. The
observation that cells with reduced mOGT levels failed to
increase basal or maximal OCR to similar levels as NT
siRNA-transfected cells when grown in the absence of glucose
suggests that mOGT modulates mitochondrial respiration in
response to glucose levels via the Crabtree/Warburg effect.

In addition, our data suggest that mOGT regulates mito-
chondrial number and structure. The finding that siRNA-
mediated reduction of mOGT decreases mitochondrial con-
tent may indicate enhanced mitochondrial turnover of dam-
aged mitochondria (39) or impaired mitochondrial biogenesis.
Given that ROS is a trigger for mitophagy, the observation that
mOGT siRNA-transfected cells do not show increased mito-
chondrial ROS suggests that mitophagy may not be activated in
mOGT siRNA-transfected cells. Therefore, the reduced mito-
chondrial content observed in mOGT siRNA-transfected cells
is probably a consequence of reduced mitochondrial biogenesis
in the absence of induced mitochondrial autophagy (40).

Our data also suggest that mOGT plays a dual role in regu-
lating cell survival. Indeed, a reduction in mOGT levels signif-
icantly protects against treatment with rotenone, a toxin that
promotes necrotic cell death. The effect of mOGT on cell sur-
vival in the presence of oxidative stress may be explained by the
altered metabolic and mitochondrial morphology status of the
cell. Rotenone is a complex I inhibitor that elicits a significant
increase in mitochondrial superoxide levels and preferentially
targets highly metabolically active cells. Hence, it is likely that
the mOGT siRNA-induced decrease in transmembrane poten-
tial could favor reduced complex I activity, which induces cells
to become less metabolically active (more quiescent) and con-
sequently less sensitive to rotenone toxicity.

FIGURE 8. siRNA-mediated reduction of mOGT impacts cell survival. A,
compiled analyses of cell survival as assessed by the LDH release assay (per-
centage of LDH release) in cells transfected with the indicated siRNAs and
treated with either vehicle control (A) or increasing concentrations of rote-
none (B). Data from one representative experiment are shown (from three
independent experiments) and expressed as means � S.E. (error bars), one-
way ANOVA, n � 12 wells/treatment, Bonferroni correction for multiple com-
parisons; **, p � 0.01 versus NT siRNA; ***, p � 0.001; ****, p � 0.0001 versus NT
siRNA at the indicated toxin concentration.
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TABLE 2
Four glycoprotein candidates identified in spots with reduced glycosylation in mOGT siRNA-transfected cells
Raw mass spectrometry data were deposited in the MassIVE database, data set IDs: MSV000080316 and MSV000080317. The protein threshold was 95%, the minimum
number of peptides was 2, and the peptide threshold was 90%.

Spot Protein name
Accession number

(UNIPROTKB)
Unique

peptides Coverage

%
1 Glycerol-3-phosphate dehydrogenase, mitochondrial P43304 4 5.6
1 Methycrotonyl-CoA carboxylase subunit �, mitochondrial Q96RQ3 4 8.7
1 Aconitate hydratase, mitochondrial Q99798 2 3.3
2 Leucine-rich PPR motif-containing protein, mitochondrial P42704 2 1.9

FIGURE 9. Identification of novel candidate substrates of mOGT by proteomics approaches. A, a representative Western blot of whole lysates and
mitochondria fractions from HeLa cells transfected with NT, mOGT 1, mOGT 2 and pan-OGT siRNAs probed with RL2 (anti-O-GlcNAc), tubulin, and mito-p60
antibodies shows that mOGT knockdown does not visibly alter the O-GlcNAcylation of proteins; B and C, compiled analysis of mean RL2 immunoreactivity in
cell lysates (B) and mitochondrial fractions (C) of HeLa cells transfected with the indicated siRNAs for 3 days. The scatter plots show individual data points of
mean RL2 intensity relative to NT siRNA. Transfection with pan-OGT siRNA, but not with the indicated mOGT siRNAs, causes a significant reduction in
O-GlcNAcylation in cell lysates and mitochondrial fractions from HeLa cells (*, p � 0.05 versus NT siRNA, n � 3–5 experiments, one-way ANOVA, Tukey’s test).
D, 2D Click-DIGE of proteins from mitochondrial fractions of cells transfected with NT siRNA and labeled with Cy3, shown as a reference to indicate the positions
of the four spots that showed changes in fluorescence intensity in three independent experiments. E, fluorescence signal intensity of spots that were found to
be down-regulated (�2-fold) in mOGT siRNA-transfected cells (green peaks indicated by A and B) compared with NT siRNA-transfected cells (orange peaks
indicated by C and D). F, protein levels of aconitase 2 and leucine-rich PPR motif containing protein are not significantly decreased by mOGT siRNA-mediated
knockdown. Cell lysates from cells transfected with NT, mOGT 1, and mOGT 2 siRNAs were subjected to SDS-PAGE and probed with anti-aconitase 2 and
anti-LRPPRC antibodies; band intensities were quantified as described under “Densitometric Analyses.” Representative Western blots are shown. The protein
level of aconitase 2 or LRPPRC relative to loading protein is expressed as a percentage relative to NT siRNA from three experiments. G, a small fraction of
leucine-rich PPR motif-containing protein is glycosylated. HeLa cells were incubated with 50 �M tetraacetylated azido-GalNAc (Az) or 50 �M GalNAc (C) for 48 h.
Equal amounts of mitochondria isolated from GalNAc and azido-GalNAc cell lysates were reacted with biotin-alkyne, and biotinylated proteins were captured
with streptavidin beads. Error bars, S.E.
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Collectively, these data suggest that ncOGT is a glucose-
sensing protein that negatively modulates mitochondrial respi-
ration and glycolysis, whereas mOGT is a regulator of mito-
chondrial structural integrity, cell death pathways that
converge at the mitochondrion, and probably up-regulates
mitochondrial respiration to compensate for mitochondrial
loss. These isoform-specific effects of OGT on mitochondrial
function are probably regulated by a combination of glucose
availability, mitochondrial content, and oxidative stress. This
work shows that reduction of endogenous mOGT expression
elicits distinct bioenergetic and mitochondrial related morpho-
logical phenotypes supporting a major role of endogenous
mOGT in integrating mitochondrial function with cellular
metabolism and survival.

Identification of Candidate mOGT-dependent Glycopro-
teins—The underlying mechanism by which mOGT regulates
mitochondrial structure and function remains unknown. The
in vitro O-GlcNAc transferase activity of mOGT (41), taken
together with the recent detection of O-GlcNAcase within the
mitochondria and identification of a mitochondrial transporter
that imports UDP-GlcNAc (22), is consistent with a model in
which O-GlcNAc cycling occurs inside the mitochondria.
Notably, two mitochondrial DNA-encoded proteins, COX1
and MT-ND4, have been previously reported to be
O-GlcNAcylated (20, 21). In the present study, we identified
cytochrome c oxidase subunit 2 (COX2), an additional
mtDNA-encoded protein, as a candidate glycoprotein. Accord-
ingly, we tested the hypothesis that endogenous mOGT medi-
ates the glycosylation of mitochondrial proteins. We found that
reduction of endogenous levels of mOGT causes a subtle
decrease in O-GlcNAcylation of mitochondrial proteins, sug-
gesting that endogenous mOGT mediates O-GlcNAcylation of
select mitochondrial proteins in vivo. Therefore, the observed
mitochondria-specific phenotypes associated with reduced
expression of mOGT may correlate with differences in

O-GlcNAcylation of a small set of mitochondrially localized
proteins.

Four candidate glycoproteins were identified by LC-MS/MS
from regions of the 2D gels where O-GlcNAc modification was
reduced by mOGT siRNA. These findings are subject to the
following caveats. First, although we provide evidence that a
minute fraction of LRPPRC is glycosylated in vivo, only one of
the candidates (aconitate hydratase 2, Aco2) has been unequiv-
ocally identified as O-GlcNAcylated in a previous study via
identification of the O-GlcNAcylation sites (20). Second, a lack
of good commercially available antibodies and insufficient sen-
sitivity with conventional immunoprecipitation and Western
blotting approaches (data not shown) have thus far precluded
the detection of these presumably low abundance glycosylated
candidate proteins to further corroborate whether mOGT dif-
ferentially glycosylates these four proteins. Finally, we cannot
rule out that additional candidate targets of mOGT would be
affected if mOGT expression were further reduced or com-
pletely abolished. However, those analyses will depend on the
development of cell culture or animal models using other tech-
niques (e.g. CrispR-Cas9 gene editing).

Interestingly, all four of the candidate mOGT-dependent
glycoproteins identified are nucleus-encoded proteins, which
suggests that glycosylation of these proteins may occur follow-
ing their import to mitochondria. Indeed, the observation that
reduction of endogenous levels of mOGT causes a decrease in
O-GlcNAcylation of mitochondrial proteins suggests that
endogenous mOGT may glycosylate select mitochondrial pro-
teins in vivo to regulate mitochondrial structural integrity,
mitochondrial function, and cell survival (Fig. 10).

The candidate mOGT-dependent proteins identified in this
study include (i) mitochondrial glycerol-3-phosphate dehydro-
genase, which is a pivotal enzyme in many energetic pathways
(42); (ii) aconitate hydratase, which is an essential enzyme for
tricarboxylic acid metabolism and oxidative phosphorylation

FIGURE 10. Conceptual model on the regulation of mitochondrial function/structure by endogenous mOGT. Conceptual schematic summarizing the
results of this study. Under physiological conditions, steady state levels of O-GlcNAcylation in the mitochondria are essential for normal mitochondrial
structure, oxidative phosphorylation, and glycolysis. The transient loss of nucleo-/cytoplasmic OGT leads to a global decrease in mitochondrial glycosylation,
which is associated with overt mitochondrial respiration and glycolysis alterations without affecting mitochondrial structure. In contrast, transient reduction
of mOGT leads to a decrease in glycosylation of a restricted set of mitochondrial targets. These posttranslational events in the mitochondrion up-regulate
Drp1-dependent mitochondrial fission, which is causally linked to loss of mitochondrial content, a decline in transmembrane potential, and alterations in cell
survival signaling pathways. Arrows indicate progression of the pathway, whereas anti-parallel lines depict a halt in a specific pathway. Yellow lightning bolt,
toxic insult (e.g. rotenone).
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(43); (iii) methylcrotonyl-CoA carboxylase (MCCC) subunit �,
which is an enzyme involved in leucine and isovaleric acid
catabolism and is associated with a recessive genetic disorder
termed MCCC-deficient syndrome (44, 45); and (iv) leucine-
rich PPR-containing protein (LRPPRC), a protein involved in
RNA translation and stability of mitochondrially encoded COX
subunits, which are critical steps in the regulation of mitochon-
drial biogenesis (46, 47). Because loss of endogenous LRPPRC is
associated with aberrations in mitochondrial morphology and
dysfunction in vivo (47), it is conceivable that mOGT-mediated
O-GlcNAcylation of LRPPRC may be part of the mechanism
by which mOGT siRNA transfection generates the observed
abnormal phenotypes in mitochondrial content and morphol-
ogy. In addition, up-regulation of mitochondrial respiration
may occur via glycosylation differences of metabolic enzymes
(e.g. aconitate hydratase, glycerol phosphate dehydrogenase).
Overall, this report warrants future studies to verify that these
candidates are indeed mOGT targets and to assess the func-
tional involvements of mOGT-mediated O-GlcNAcylation of
each substrate.

Role of mOGT in Pathogenesis of Human Diseases—Dysregu-
lation of O-GlcNAcylation is associated with several patholog-
ical conditions, including diabetes (3), cancer (4), cardiovascu-
lar diseases (5), and Alzheimer’s disease (6). Mitochondrial
dysfunction has been linked to development of insulin resis-
tance and may underlie various aspects of cellular dysfunction
in diabetic cardiomyopathy (3). Indeed, exposure of cardiac
myocytes to high glucose increases mitochondrial protein
O-GlcNAcylation; impairs the activity of complex I, III, and IV;
and lowers cellular ATP and mitochondrial calcium content
(21). High glucose also increases mitochondrial fragmentation
and decreases mitochondrial membrane potential (48). Fur-
thermore, a recent study revealed that the levels of OGT and
OGA are dramatically altered in mitochondria from diabetic
mice hearts with significant mislocalization of OGT in the
mitochondrial matrix and reduced interaction of OGT with
complex IV (22). In addition, deregulation of O-GlcNAcylation
has also been implicated in the pathology of neurodegenerative
diseases, in particular in Alzheimer’s disease (49), and underlies
the pathology of both diabetes mellitus and Alzheimer’s disease
(50). In line with this concept, our data suggest that endogenous
pools of OGT isoforms are critical for regulating essential cell
functions and that alterations in the expression levels of OGT,
whether induced by oxidative stress or disease, can alter the
bioenergetics status and cell survival under stress conditions.
Specifically, our data support a critical role of mOGT in main-
taining mitochondrial structure and function under normal
conditions and indicate that a partial reduction of mOGT levels
elicits Drp1-dependent mitochondrial pathology. However, it
remains to be elucidated whether increased endogenous levels
of OGT elicited by certain disease states (e.g. diabetes) repre-
sents a compensatory but beneficial response in the context of
disease. Our data suggest that endogenous mOGT may play a
beneficial role by up-regulating compensatory responses to
maintain mitochondrial integrity and function during oxidative
stress, whereas ncOGT may play a negative role in mitochon-
drial respiration and glycolysis. Hence, this report warrants

future studies that interrogate the physiological roles of each
isoform of OGT in vivo in the context of health and disease.

Experimental Procedures

Glycoprotein Enrichment and Identification from Mitochon-
drial Fractions—Detailed experimental methods for glycopro-
tein enrichment and LC-MS/MS analysis are provided in the
supplemental Methods. Briefly, our high throughput screening
to identify mitochondrial glycoprotein candidates was com-
posed of three independent approaches: (i) lectin affinity puri-
fication with WGA of proteins and peptides from enriched
bovine heart mitochondria, (ii) enzymatic labeling with GalT1
(Y289L) and UDP-azido-GalNAc of glycoproteins from
enriched bovine heart mitochondria, and (iii) metabolic label-
ing of rat neuroblastoma B103 cells with tetraacetylated azido-
GalNAc and subsequent analysis of the azido-labeled glycopro-
teins within the enriched mitochondrial fraction. Metabolically
and enzymatically azido-labeled glycoproteins were subjected
to copper-catalyzed azide-alkyne cycloaddition (click chemis-
try reaction) to covalently tag azido-glycoproteins with a biotin
tag, before stringent purification over streptavidin-Sepharose.
Protein identifications for glycoproteins that were enriched
with all three methods were determined by LC-MS/MS analy-
sis. Only peptide identifications with a �95% probability as
determined by the PeptideProphet algorithm (51) were ac-
cepted as valid. Only protein identifications with �99% proba-
bility (as determined by the Protein Prophet algorithm (52))
and at least two unmodified and unique identified peptides
were accepted as valid. Proteins with similar peptides that failed
to be differentiated based on MS/MS analysis alone were
grouped to satisfy the principles of parsimony. The decoy false
discovery rate was calculated as described (53) and was 0% for
all experiments.

Experimental Design and Statistical Rationale—The sample
size for this study is 4; the study includes one enzymatic labeling
experiment, one metabolic labeling experiment, and two lectin
affinity purification experiments (one with proteins and one
with peptides). Negative controls for each experiment were
performed and analyzed by LC-MS/MS in parallel. For WGA
purification, the negative control was the last PBS wash of the
WGA-agarose immediately before specific elution of the cap-
tured glycoproteins (or glycopeptides) with PBS supplemented
with the competitive sugar, GlcNAc. For enzymatic labeling,
proteins were mock-labeled with buffer in place of GalT1
(Y289L). For metabolic labeling, cells were incubated with Gal-
NAc in place of azido-GalNAc. Enzymatic and metabolic label-
ing negative controls were subjected to the same click chemis-
try reaction and streptavidin enrichment steps as the
experimental samples. In place of technical or biological repli-
cates, we chose to use three independent yet complementary
approaches to glycoprotein enrichment (e.g. lectin affinity puri-
fication, metabolic labeling, enzymatic labeling). All mitochon-
drial protein identifications meeting the above criteria were
reported; no additional statistical analysis was used to exclude
data points or analyze the data.

mOGT siRNA Design, Sequences, and Validation of siRNA—
HeLa cells were maintained in DMEM containing 10% FBS at
37 °C and 5% CO2. To analyze the effects of mOGT versus
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global OGT knockdown on various aspects of cell metabolism
and survival, HeLa cells seeded in 6-well plates were transfected
with 120 pmol of NT siRNA or siRNAs targeting mOGT
(mOGT 1 and 2) or ncOGT with Lipofectamine 2000 or Oligo-
fectamine (Life Technologies, Inc.) for 72 h. Knockdown effi-
ciency was evaluated by real-time quantitative PCR. In brief,
RNA was extracted using the RNeasy minikit (Qiagen), cDNA
synthesis was performed with the iScript synthesis kit (Bio-
Rad), and qPCR with SYBR as a probe was done according to
the manufacturer’s instructions. The following sense and anti-
sense primers were employed to measure the efficacy of
siRNA-mediated reduction of mOGT and ncOGT by qPCR:
mOGT, 5�-GAACTCCAGCATAGAGCCTTATAG-3� and 3�-
GTGCAAACCACCATGTTCAG-5�; ncOGT, 5�-CTGGACA-
GATCTGCTCACTTTAG-3� and 3�-CAACTGCCCTC-
TTTCCTTGTA-5�. All cell culture reagents and siRNA were
obtained from Invitrogen unless otherwise indicated. Given the
high sequence conservation between ncOGT and mOGT
mRNA isoforms, the design of siRNA sequences was based on
unique regions of each isoform (Fig. 2A). A total of four siRNAs
designed to target mOGT and three siRNAs designed to target
ncOGT were tested in this study, the respective sequences are
listed in Table 1. The following two mOGT siRNAs showed a
robust decrease in mOGT expression levels and were used in
this study: mOGT siRNA 1, 5�-CCCUUUCCCUUUACCUC-
CUUUCCCU-3�; mOGT siRNA 2, 5�-CCUUUACCUC-
CUUUCCCUCCCAUC-3�; mOGT siRNA 3, 5�-CAAGC-
GAGCCUAUGCUGCAGGGUCA-3�. The following siRNA
showed knockdown against both nucleocytoplasmic OGT and
mitochondrial OGT (pan-OGT): 5�-CAGCACAGAACCAAC-
GAAACGUAUG-3�. A non-targeting siRNA hairpin was used
as a control (NT, 5�-CAACCUGCAAUGGAUAGGUGAG-
UCA-3�).

Mitochondrial Enrichment and Western Blotting—Mito-
chondria enriched fractions derived from HeLa cells trans-
fected with NT, mOGT1, mOGT2, or ncOGT siRNAs were
isolated using a mitochondrial isolation kit (Sigma) per the
manufacturer’s recommendation and as previously published
(28, 31). The purity of the mitochondrial and cytosolic fractions
was assessed by Western blotting. Briefly, 30 �g of protein, as
assessed by the Bradford assay, was separated by SDS-PAGE,
transferred to PVDF, and blocked with 2% BSA in Tris-buffered
saline containing Triton X-100 (TBST) for 1 h. The membrane
was incubated with various primary antibodies (OGT (Cell Sig-
naling Technologies), catalog no. 5368; �-tubulin (Sigma-Al-
drich), T9026; mito-p60 (Biogenex), MU213-UC; RL2 (Thermo
Scientific), MA1-072; aconitate hydratase (Abcam), ab129105;
GPD-2 (Thermo Fisher), PA5-30049; LRPPRC (Abcam),
ab97505; MCCC1 (Abcam), ab197282) at 1:1000 dilution over-
night followed by secondary HRP probing (1:5000 dilution) (GE
Healthcare). The immunoreactive bands were detected by
chemiluminescence. For each experiment, protein loading was
verified by staining the membranes with the total protein stain,
Sypro Ruby (Life Technologies), following protein transfer and
by reblotting the PVDF membranes for �-tubulin or �-actin.

Densitometric Analyses—Densitometric analyses of OGT
isoforms in Western blots were performed to assess the effi-
ciency of reduction of endogenous isoforms of OGT (mOGT or

ncOGT) by siRNAs. The integrated density (mean and area of
pixels within immunoreactive bands) for each OGT isoform
(117 kDa for ncOGT and 103 kDa for mOGT) was measured by
selecting each band using the rectangular selection tool of
ImageJ (version 1.42; National Institutes of Health, Bethesda,
MD) and was adjusted by subtracting the integrated density of
the nonspecific background (i.e. subtracting the integrated den-
sity of a rectangle of equal size from elsewhere on the blot). The
adjusted integrated density of each OGT isoform was then
divided by the specific integrated density of the respective load-
ing control used for each Western blot (�-tubulin, ATP syn-
thase �-subunit, or �-actin). The mOGT/loading control or
ncOGT/loading control ratios for each experimental condition
(mOGT- or pan-OGT siRNA-transfected cells) were then nor-
malized to NT siRNA-transfected cells and expressed in the
figures as a percentage of NT siRNA control. For Fig. 9 (B and
C), the same method of quantification was applied for quanti-
fying levels of O-GlcNAcylation in protein lysates and mito-
chondrial fractions (RL2 levels), as shown in Fig. 9 (B and C)
with a minor modification. In brief, the specific integrated den-
sity of the RL2 bands (background-adjusted) was measured for
the entire lane, divided by the specific integrated density of
�-tubulin, and then normalized to NT siRNA control (percent-
age of NT siRNA control).

Densitometric analysis of aconitase 2 and LRPPRC were per-
formed by dividing the mean integrated density of the aconitase
2 or LRPPRC immunoreactive bands by the mean integrated
density of the entire lane of proteins stained by Sypro Ruby.
Each protein of interest was adjusted for background as indi-
cated above. The resulting data were then normalized to NT
siRNA and expressed as percentage of NT siRNA control from
three experiments. Notably, none of the siRNAs (mOGT or
ncOGT siRNAs) significantly alter the expression levels of the
loading controls (�-actin (Santa Cruz Biotechnology, Inc.),
sc-81178; ATP synthase �-subunit or �-tubulin (Abcam),
ab6046) used to normalize OGT levels (data not shown).

Mitochondrial Morphology, Colocalization of OGT with
Mitochondria, and Mitochondrial Content Assays—We used
image-based fluorescence assays to study the effects of reduc-
ing isoforms of OGT on mitochondrial membrane structure
and content. In brief, HeLa cells transfected with NT, ncOGT,
mOGT1, or mOGT2 siRNAs were plated in chambered cover-
glasses (Nunc) at 35,000 cells/well for 72 h. Following each
transfection, cells were fixed in 4% paraformaldehyde, washed
in PBS, permeabilized in PBS containing 0.1% Triton X-100 for
10 min, and blocked in 2% BSA. Cells were immunostained for
OGT (Abcam) at a 1:1000 dilution and for the outer mitochon-
drial membrane-localized protein TOM20 as a mitochondrial
marker (Santa Cruz Biotechnologies) at a 1:2000 dilution over-
night at 4 °C. Fixed cells were then incubated with the appro-
priate Alexa 488-conjugated donkey anti-rabbit IgG or Alexa
545-conjugated donkey anti-mouse secondary IgG antibodies
(1:400; Molecular Probes, Inc., Eugene, CA). Cells were then
washed with PBS and counterstained with DAPI (1.25 �g/ml;
Molecular Probes) to visualize nuclei. Immunolabeled fixed
cells were imaged at 25 °C at a magnification of �100 by using
an EVOS-FL Cell Imaging System equipped with EVOS Light
cubes specific for GFP (excitation/emission of 470/510 nm),
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RFP (excitation/emission of 531/593 nm), and Cy5 (excitation/
emission of 628/692 nm) and at a magnification of �20
(numeric aperture 0.45) or �40 (numeric aperture 0.0.60).

To analyze mitochondrial morphology, the indices of mito-
chondrial interconnectivity (area/perimeter ratio per mito-
chondrion) were quantified by using well validated ImageJ mac-
ros (Mitochondrial and Mitophagy Morphology macros,
available at the ImageJ Information and Documentation Por-
tal). These macros allow for semi-automated image analysis of
individual mitochondrial particles and mitochondrial content
(28, 54). To analyze the effects of reducing endogenous mOGT
on cell number, the number of DAPI-stained nuclei per epifluo-
rescence field in NT siRNA- or mOGT siRNA-transfected
HeLa cells was manually counted by an observer who was blind
to the transfection status of the cells, and the data were
expressed as number of DAPI-stained cells/epifluorescence
field.

Image-based analyses were used to quantify the extent by
which OGT siRNAs (mOGT siRNA or pan-OGT siRNA)
decrease the levels of OGT isoforms in high resolution RGB
epifluorescence images (TIFF) of paraformaldehyde-fixed cells
immunolabeled with anti-OGT and stained with DAPI. Using
ImageJ, the mean OGT fluorescence signal within DAPI-
stained nuclei was measured, fluorescence background was
subtracted (region of interest that was of equal pixel area yet
devoid of cells), and the mean background-adjusted OGT sig-
nal/nuclei was then calculated. The mean fluorescence levels of
nuclear OGT were quantified for �30 cells/transfection condi-
tion from two experiments (mOGT siRNA- or pan-OGT
siRNA). To measure the extent to which OGT siRNAs affect
the colocalization of OGT with mitochondria by immunocyto-
chemistry, the number and percentage of OGT puncta that
colocalize with mitochondria per cell was quantified in cells
immunostained for OGT and mitochondria using ImageJ and
similar image-based methodology as published (55). All image-
based quantifications (counting the number of OGT puncta/
cell or assessing the percentage of OGT colocalizing with mito-
chondria) were performed manually by an observer who was
blind to the transfection status.

Bioenergetic Analysis; Mitochondrial Oxygen Consumption
and Glycolysis—The effects of siRNA-mediated knockdown of
mOGT on cellular bioenergetics were evaluated by measuring
the OCRs and extracellular acidification rates (ECARs) by using
an XF24e extracellular flux analyzer (Seahorse Biosciences).
Whereas OCR is used as an index of mitochondria-specific
metabolic activity, ECAR is a proxy for glycolysis. Cells trans-
fected with NT, mOGT1, mOGT2, or ncOGT siRNAs were
trypsinized 2 days post-transfection and reseeded at 40,000
cells/well in a XF24e cell culture microplate in quadruplicate
wells under various media conditions as described below. Cells
seeded in either high glucose (25 mM) or galactose (10 mM) were
supplemented with 2 mM glutamine and 1 mM sodium pyruvate
and grown at 37 °C and 5% CO2 for 24 h before the assay. OCRs
in transfected HeLa cells were analyzed at baseline and follow-
ing the sequential addition of 1 �M oligomycin, 300 nM FCCP,
and 1 �M rotenone/antimycin A to determine the ATP-linked
OCRs, maximal OCRs, and mitochondrially derived OCRs,
respectively, as published previously (28). Spare respiratory

capacity was calculated as described previously (56, 57). In
brief, the basal OCRs were subtracted from the maximal OCRs
induced by FCCP by applying the formula, spare respiratory
capacity � FCCP-induced maximal OCR 	 basal OCR. To
directly assess for glycolysis, the glycolysis stress assay was per-
formed in transfected HeLa cells per the manufacturer’s recom-
mendations (Seahorse Biosciences). In brief, cells were incu-
bated in glucose-free medium for 1 h before treatment with the
following compounds: 25 mM glucose, 1 �M oligomycin, and 2
mM deoxyglucose to measure basal glycolysis, glycolytic capac-
ity, and non-glycolytic acidification rates, respectively. ECARs
were recorded as milli-pH (pH � 10	3) (mpH/min). The gly-
colytic reserve was then obtained by subtracting ECARs asso-
ciated with baseline glycolysis from ECARs associated with the
glycolytic capacity. At the end of each assay, OCRs and ECARs
were normalized to protein concentration (�g/ml) for its
respective well. In addition, OCRs were normalized to a
mitochondrial marker to analyze the effects of knocking
down OGT isoforms on oxidative phosphorylation per mito-
chondrial content.

Transmembrane Potential Assays—To study the effects of
reducing endogenous mOGT or both pools of OGT (mOGT
and ncOGT) on mitochondrial membrane potential, HeLa cells
transfected with NT, pan-OGT, mOGT1, or mOGT2 siRNAs
in DMEM containing 20 mM glucose for 72 h were stained with
the red fluorescent, cell-permeable potentiometric dye tetram-
ethylrhodamine methyl ester (TMRM) at a concentration of
100 nM and incubated at 37 °C for 45 min before washing once
with warm medium. The mean TMRM-specific fluorescence
intensity in mitochondria was normalized to the background
fluorescence intensity measured within the nucleus as de-
scribed previously (28, 35).

Drp1 Functional Assays—Mitochondrially targeted GFP
(cytochrome oxidase VIII import sequence, mito-GFP), and
GFP-tagged wild-type and dominant negative K38A Drp1 in
the EGFP-N1 backbone were generously provided by Dr. Stefan
Strack (University of Iowa). To assess the effects of inhibiting
endogenous Drp1 activity on transmembrane potential, mito-
chondrial content, and morphology in cells with reduced
expression of mOGT, cells seeded in 4-well-chambered slides
were first transfected with mOGT or NT siRNAs at 20 pmol/
well for 24 h before retransfecting with 0.5 �g of mitochondria-
targeted GFP as a control plasmid or GFP-tagged Drp1-DN to
inhibit endogenous Drp1 at a Lipofectamine concentration of
0.20%. Cells were maintained in 37 °C and 5% CO2 for an addi-
tional 48 h (72-h total transfection time) before processing cells
for image-based quantifications of transmembrane potential,
mitochondrial content, and morphology as further described
above.

Cell Survival Assessment—To study the effects of reducing
mOGT on cell survival, NT, mOGT 1 and 2 siRNA-transfected
cells were plated at 2500 cells/well in black-sided 96-well plates
and incubated with DMSO as vehicle control or with increasing
concentrations of the mitochondrial complex I inhibitor rote-
none (at 250, 500, or 1000 nM) for 24 h at 37 °C and 5% CO2. Cell
survival was assessed using the LDH assay per the manufactu-
rer’s instructions (Thermo Fisher).
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Click-DIGE—To identify candidate proteins of mOGT-
mediated O-GlcNAcylation, Click-DIGE was performed as
described previously (37) on mitochondria-enriched fractions
obtained from HeLa cells transfected with either NT or
mOGT1 siRNAs. Briefly, HeLa cells transfected with NT or
mOGT1 siRNA were metabolically labeled with 25 mM

tetraacetylated N-azidoacetylgalactosamine (C33365, Thermo
Fisher) for 48 h. Mitochondria-enriched fractions of metaboli-
cally labeled NT and mOGT siRNA samples (50 �g of protein/
reaction) were subjected to separate click chemistry reactions
with size-matched alkyne-Cy3 or alkyne-Cy5 (Lumiprobe) in
the presence of 5 mM TBTA (Tris[(1-benzyl-1H-1,2,3-triazol-
4-yl)methyl]amine), 5 mM ascorbic acid, 5 mM CuSO4, 47%
DMSO for 1 h at room temperature in the dark. Reacted pro-
teins were precipitated by chloroform/methanol (4:1), resulting
in the following samples: NT-alkyne-Cy3, mOGT1-alkyne-
Cy3, NT-alkyne-Cy5, and mOGT1-alkyne-Cy5.

Equal amounts of protein samples derived from lysates of NT
and mOGT siRNA-transfected cells were reacted with different
fluorophores and then combined in pairs, resulting in two sets
of samples labeled with reciprocal fluorophores (NT-Cy3 

mOGT-Cy5 and NT-Cy5 
 mOGT-Cy3). Combined samples
were resuspended in Destreak Rehydration Solution (GE
Healthcare) and ampholytes (Biolyte 3-10, Bio-Rad). Samples
were run in separate 2D electrophoresis gels in the following
conditions: strip 3–7, 11 cm, immobilized pH gradient (Bio-
Rad) total 26,000 V-h for 1D electrophoresis and 8 –16% Tris-
HCl gel (Bio-Rad), run at 200 V for 1 h for 2D electrophoresis.
Gels were imaged with a Typhoon laser imager immediately
following electrophoresis (Cy3, excitation 550 nm and emission
570 nm; Cy5, excitation 650 nm and emission 670 nm BP30).
Gels were fixed in methanol/acetic acid, stained with Sypro
Ruby (Bio-Rad) overnight for total protein staining, and imaged
with a Typhoon laser scanner.

Cy3 and Cy5 images were aligned, and spot analysis was per-
formed using PDQuest software and by applying the following
corrections and exclusion criteria to the images: correction for
streaking, ignoring false positive spots, excluding spots that do
not follow the same expression pattern regardless of the fluo-
rophore (e.g. correcting for intrinsic differences in fluorophore
intensity), and excluding spots that do not show up in both
reciprocal gels. The inclusion criteria applied to select spots of
interest were as follows: �2-fold decrease in mOGT siRNA
versus NT siRNA-transfected cells in both reciprocally labeled
samples and in three independent Click-DIGE experiments.
Spots were cut with the ProPik2 (PerkinElmer Life Sciences)
instrument and sent for identification of protein candidates
by LC-MS/MS. Spot processing and LC-MS/MS details are
described in the supplemental Methods. Only peptide identifi-
cations with a �90% probability as determined by the Pep-
tideProphet algorithm (51) were accepted as valid. Only protein
identifications with �95% probability (as determined by the
Protein Prophet algorithm (52)) and at least two unmodified
and unique identified peptides were accepted as valid. The mass
spectrometry data were filtered by hits that contained the cor-
rect molecular weight and isoelectric point (pI) in the 2D gel.

Experimental Design and Statistical Rationale—The sample
size for this study is 3; the study includes three biological repli-

cates of the same experiment. All mitochondrial protein iden-
tifications meeting the above criteria were reported; no addi-
tional statistical analysis was used to exclude data points or
analyze the data.

Statistical Analyses—Unless indicated otherwise, all experi-
ments were performed at least three times, and the results are
presented as means � S.E. Statistical analyses with an � of 0.05
were performed by applying one-way ANOVAs followed by a
Bonferroni-corrected test for multiple group comparisons (�3)
or by performing t tests for comparing two groups.
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42. Mráček, T., Drahota, Z., and Houštěk, J. (2013) The function and the role
of the mitochondrial glycerol-3-phosphate dehydrogenase in mammalian
tissues. Biochim. Biophys. Acta 1827, 401– 410

43. Beinert, H., and Kennedy, M. C. (1993) Aconitase, a two-faced protein:
enzyme and iron regulatory factor. FASEB J. 7, 1442–1449

44. Chu, C. H., and Cheng, D. (2007) Expression, purification, characteriza-
tion of human 3-methylcrotonyl-CoA carboxylase (MCCC). Protein Expr.
Purif. 53, 421– 427
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